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THEEFFECTOFPLANETARYALBEDOON 

SOLAR ORIENTATION OF SPACECRAFT 

By Anthony Fontana 
Langley Research Center 

SUMMARY 

The analytical expression for the solar orientation e r r o r  caused by planetary albedo 
is derived. A typical solar sensor output characteristic is assumed and a computer solu- 
tion to  the analytical expression is obtained. The computer results a r e  presented for a 
spacecraft in the vicinity of Earth, Venus, Mars ,  and the Moon. Each planetary body is 
assumed to be a spherical diffuse reflector with cylindrical shadows and a constant albedo. 
The data generated herein permit the selection of an appropriate coarse-sensor to fine- 
sensor switching angle for solar orientation control systems and facilitate the interpreta- 
tion of solar-referenced scientific experiment data. 

I 

INTRODUCTION 

A variety of space missions require solar orientation of the spacecraft for scien- 
tific observation and study of the Sun, solar power conversion, temperature balance, navi- 
gational reference, data interpretation, and so forth. 
achieved through the use of solar radiation sensors and an attitude control system. Solar 
orientation may become inaccurate when the spacecraft is in the vicinity of a planetary 
body, because the solar sensors receive both direct solar radiation and solar radiation 
reflected from the planet. 
coarse and fine solar sensors. 
and thus see  both sources of radiation, the Sun and the planet. 
tem, while operating on the coarse-sensor signals, orientates the spacecraft toward a 
point located between the two radiation sources. 
dependent on the relative intensities of the radiation sources and their angular separation. 
Typically, the fine sensors have a restricted field of view and under favorable conditions 
see  only one of the two sources of radiation. 

Generally, solar orientation is 

These inaccuracies may be eliminated through the use of 
Typically, coarse sensors have a spherical field of view 

The attitude control sys- 
> 

The resulting orientation e r r o r  is 

The logic of coarse/fine solar sensing is discussed in reference 1 and is explained 
briefly as follows. The coarse sensors are used during Sun capture maneuvers. At a 
predetermined angular pointing e r ror ,  control of the spacecraft is switched from the 
coarse sensors to  the fine sensors. Once the fine sensors are activated, orientation 



e r r o r  is not introduced by planetary albedo, except during the fraction of the orbit or  
trajectory when the angular separation between the Sun and the planet is less  than the 
field of view of the fine sensors - that is, when the Sun is near the planet horizon. 
successful use of this logic is predicated on a prior knowledge of the magnitude of the 
orientation e r r o r  which can be introduced by the albedo of a planet. It should be noted 
that the coarse-sensor to fine-sensor switching angle (angular pointing e r r o r  at which 
control is switched from the coarse sensors to the fine sensors) must be greater than the 
maximum orientation e r ro r .  The purpose of this paper is to generate the data required 
for  selection of the proper coarse-sensor to fine-sensor switching angle for solar-  
orientated spacecraft. 

The 

The problem to be solved is essentially one of calculating the radiation balance 
between two coarse solar sensors (a pitchup sensor and a pitchdown sensor) and there- 
fore  is related to  the calculation of the thermal balance of a spacecraft. The investiga- 
tion of the thermal balance of an arbitrari ly orientated flat plate is particularly applicable 
to the problem at hand. In references 2 and 3 the total thermal balance of a flat plate is 
considered, and in reference 4 the albedo radiation incident upon an arbitrari ly orientated 
spinning flat plate is calculated. In the present paper the concepts and equations gener- 
ated in the preceding thermal-balance studies have been modified and applied to the solar 
orientation problem. The solar orientation e r r o r  introduced by planetary albedo is cal- 
culated for a spacecraft in the vicinity of Earth, Venus, Mars ,  and the Moon. 

SYMBOLS 

a planetary albedo (fraction of solar radiation reflected by planetary body) 

C constant , 2 a ~ ~ ,  kilometers2 
71 

ds element of planetary surface area,  meters2 

D distance between ds and solar sensor, kilometers 

F(4@,E ,*a integrand of general e r r o r  equation (eq. (ll)), degrees 

h altitude of solar sensor, kilometers 

H solar -sensor altitude plus planetary radius, kilometers 

K solar constant, watts/meter2 
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planetary radius, kilometers 

6 

E 

Emax 

e 

em 

orthogonal reference system defined by local vertical (Z-axis) and plane 
formed by centers of planet, Sun, and spacecraft (YZ-plane) 

angle between solar vector and normal to  ds, degrees 

angle between normal to  ds and ds-sensor line, degrees 

angle between Z-axis and ds-sensor line, degrees 

solar orientation error, degrees 

maximum orientation e r r o r  at given altitude, degrees 

colatitudinal coordinate of ds, degrees 

angle between Z-axis and perpendicular line connecting planet center to 
tangent from sensor to  planet surface, degrees 

angle between Z-axis and line connecting planet center t o  point of intersection 
of extended sensor plane with planet surface in YZ-plane, degrees 

angle between sensor plane and ds-sensor line, degrees 

angle between normal to sensor plane and ds-sensor line, degrees 

angle between Z-axis and normal to  sensor plane, degrees 

longitudinal coordinate of ds, degrees 

angle between Z-axis and solar vector (planetocentric angle, in general, with 
subscripts Earth, Venus, Mars, and Moon denoting, in particular, geocentric, 
aphrodiocentric, areocentric, and lunicentric angles, respectively) 
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ASSUMPTIONS 

Direct Solar Radiation 

The equations which describe the problem a r e  set up in te rms  of radiation balance. 
Therefore, the solar constant can be set  equal to unity at any given location of the space- 
craft in the solar system. 

The Sun is assumed to  be located at infinity relative to the spacecraft. Planet 
shadows are, therefore, assumed cylindrical, and penumbral effects a r e  ignored. This 
assumption simplifies the calculations and introduces negligible e r ro r .  

Albedo Radiation 

The mean albedos and mean radii of various planetary bodies (from ref. 5) are as 
follows : 

6367.5 km Earth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.39 
6100 km Venus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.76 

Mars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.16 3377 km 
Moon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 .07  1738 km 

Mean albedo Mean radius 

The albedos of Venus, Mars ,  and the Moon a r e  relatively constant over the surface 
of the bodies due to the absence of polar caps and/or extremes in atmospheric density. 
However, the albedo of Earth varies with latitude and season of the year due to variable 
cloud, vegetation, water, and snow cover. The Tiros VII meteorological satellite moni- 
tored the Earth albedo, in the 0.55- to 0.75-micron band with a 50 field-of-view sensor, 
from June 1963 to  May 1964 (ref. 6). 
mately 0.15 to a maximum of approximately 0.70. The mean albedo for the l-year period 
was 0.32 .  The Tiros VI1 data a r e  in general agreement with the values of albedo deduced 
from the emissivity sensors of the first Orbiting Solar Observatory (ref. 7) and the albedo 
values calculated in reference 8; however, the variations in the Earth albedo a r e  not suffi- 
ciently defined to  warrant detailed consideration. In this paper the solar orientation e r ro r  
is calculated for two values of constant Earth albedo. An Earth albedo of 0.35 is used to 
calculate the nominal orientation e r ro r ,  and an Earth albedo of 0.50 is used to calculate 
the worst expected orientation e r ror .  (Although Tiros VII measured albedos in excess of 
0.50 with a 50 field-of-view sensor, the averaging effect of the large field of view of the 
coarse solar sensors  reduces the worst expected albedo to approximately 0.50.) 

The albedo varied from a minimum of approxi- 

All planetary bodies a r e  assumed to be spherical. The spectral  distribution of 
albedo radiation is assumed to be identical to the spectral distribution of direct solar 
radiation. All planetary bodies are assumed to be diffuse reflectors - that is, Lambert's 
cosine law is obeyed. 
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Solar Sensors 

The solar sensors are assumed to  be of the null type with a sinusoidal output 
characteristic as shown in figure 1. The sinusoidal output characteristic closely 
approximates the output characteristic presented in reference 9 (for coarse sensors of 
the type used on the Orbiting Solar Observatory, the Orbiting Astronomical Observatory, 
the Orbiting Geophysical Observatory, and Lunar Orbiter) and the coarse-sensor output 
characteristic of two silicon solar cells mounted back-to-back (ref. 1). 
coarse-sensor characteristic is shown in figure 1 for comparison with the sinusoidal 
approximation. 

The latter 

-180 -90 0 90 180 

Solar orientation error, f, deg 

Figure 1.- Comparison of assumed and actual solar sensor output characteristics. 

The pitch plane of the spacecraft is assumed to coincide with the plane defined 
by the centers of the planet, spacecrzft, and Sun (the YZ-plane). 
entation of the pitch plane, all orientatiorl e r r o r s  a r e  forced to occur in the pitch plane 
because of yaw-plane symmetry. The preceding assumption simplifies the calculations 
without affecting accuracy (i.e., accuracy is not affected if  the pitch and yaw solar sen- 
sors a r e  calibrated such that the absolute value of the vector sum of the pitch-axis and 
yaw-axis pointing e r r o r s  remains constant as the spacecraft is rolled about a fixed roll- 
axis orientation). 

By restricting the ori-  

ANALYTICAL TREATMENT 

The problem geometry is illustrated in figure 2. For the purpose of problem visual- 
ization, consider pitch-plane coarse sensors composed of two silicon solar cells mounted 
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back-to-back and having a sinusoidal output char - 
B acteristic. The plane of the silicon solar cells is 

referred to  as the sensor plane. 
is always perpendicular to the YZ-plane by a pre- 
vious assumption.) 

P 
(The sensor plane 

The attitude control system maneuvers the 
spacecraft until the output of the solar sensors is 
zero - that is, until a balance exists between the 
radiation incident on the pitchup coarse sensor and 
the radiation incident on the pitchdown coarse sen- 
sor. 
balance is 

The general expression for the radiation 

(1) P ‘Os Y sin - K sin E 0 -1 a cos D2 
Figure 2.- Problem geometry. 

where the first te rm describes the albedo radiation 
and the second te rm describes the direct solar radi- 

ation. In equation (l), K cos p ds is the solar irradiance incident on ds (see fig. 2) 

Ka ‘Os ds is the solar radiance reflected by ds. The latter quantity multiplied and 
by cos y gives the radiance reflected from ds in the direction of the spacecraft (by 
Lambert’s cosine law for diffuse reflection). Division by D2 gives the irradiance of 
the albedo at the spacecraft. Both s in  X and s in  E a r e  weighting functions of the 
assumed solar sensor output characteristic (fig. 1). 

7T 

The following relations a r e  obtained from the geometry of figure 2: 

H = h + R  

ds = R2 sin 8 dB d$ 

D2 = H2 + R2 - 2RH cos 8 

H COS e - R 
D cos y = 

6 



cos p = cos 8 cos + + sin 8 s in  tp cos @ 

sin X = cos 5 = cos 6 cos u + s in  6 s in  u cos 4 

R s in  8 
D s in  6 = 

H - R COS e 
D cos 6 = 

Division of equation (1) by K and substitution of the preceding relations yield 

(cos 0 cos Q + s i n  0 s i n  + cos @)(H cos B - R) (H - R cos B)(cosl; - + - E I) + R s i n  0(,i+ - Q - €1) cos ,]sin 0 d@ dB 
- s i n E = ~  (11) 

(HZ + R2 - 2RH COS 0)' 
c 

By letting C equal - 2aR2 and letting lek@ F(8,@,E7+,H)d@ de represent the integral 

in equation (ll), equation (11) may be written in simplified notation as 
7r 

The computer solution of equation (12) requires iteration on E 

with respect to  @ and 8. The limits of integration depend on the problem geometry; 
the various geometrical cases which can occur are outlined as follows. 
that the conditions for occurrence of each geometrical case define the logical flow of 
information within the computer program and must be satisfied in the order given. 

and numerical integration 

It should be noted 
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I. Sensors see totally sunlit area. 

A. Sensor plane does not cut sunlit a rea  (fig. 3). 

1. Conditions for occurrence 

a. *<: 

b. B m = 2 - +  < r  

C. e 2 - + - e m  2 

2. Equation (12) becomes 

C/gBm/oT F(B,@,e,+,H)cl@ de = sin E 

where 

Y 

P 
f 

Sect iona l  view 

Figure 3.- Geometry for case I-A. 
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t 
1 
I B. Sensor plane cuts sunlit area (fig. 4). 

1. Conditions for occurrence i 
b 
t 

/ 2. Equation (12) becomes 

X 

I f pitchdown  enso or 
Area seen by 

Area seen by 
pitchup sensor 

. .  . . . . . . .  
0s. ... , .: 

I I I  I Y 

Sectional vie" 

Figure 4.- Geometry for case I-B. 
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II. Sensors do not see totally sunlit area. 

A. Sensor plane does not cut sunlit area. 

1. Figure 5 

a. Conditions for occurrence 

(1) wf  
(2) e m > $ - +  

(3) c z ! - q + e m  
b. Equation (12) becomes 

+ Lem /;+ sin-l(cot 1c/ cot e) 
F(B,@,E,rC/,H)d@ dB = sin E 

- - q  0 2 

View fran spacecraft 

Sectional view 

Figure 5.- Geometry for case I I-A-1. 
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2. Figure 6 

a. Conditions for occurrence 
(1) ‘ 5 @ z n  2 -  2 + em 

(2) e m > @ - Z  71 

(3) E 2; - @ + em 

b. Equation (12) becomes 

;+ sin-l(cot cot 9) 

F(B,@,e,@,H)d@ de = sin E 

Note: If + > 2 + Om, the sensors see  a totally 
2 

dark a rea  and no e r r o r  results. 

X 

Y 

v i e w  rrm spacecraft 

I I I  I 

Sectional view 

Figure 6.- Geometry for case I I-A-2. 
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B. Sensor plane cuts sunlit area. 

1. Figure 7 

a. Conditions for occurrence: 
7r (1) + < z  

e, > 5 - + 
(3) E > % - + + e ,  7r 

(2) 

b. Equation (12) becomes 

X 
I r &ea seen by 

pitchup sensor 

I I V i e w  from spacecraft 

12 

Sectional v i e w  

Figure 7.- Geometry for case I I-B-1. 
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2. Figure 8 

a. Conditions for occurrence: 

(I) $ z + s $ + o ,  

(2) e m > + - x  2 

(3) E > ~ - + + O ,  

b. Equation (12) becomes 

(20) 

H - R c o s 0  
s in  0 tan(; - Q - € 1  

F(0,@,E ,Q,H)d@ d0 = s in  E 

X 
Area seen by 

tehdown sensor 

tchup sensor 

Sectional v i e w  

Figure 8.- Geometry for case 11-8-2. 
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RESULTS AND DISCUSSION 

The computer solutions of equation (11) are presented in tables I to V. The orienta- 
tion e r r o r  E is tabulated for selected values of planetocentric angle I& and altitude h. 
Table I presents the nominal orientation e r ro r  due to the Earth albedo (a = 0.35), and 
table II presents the worst expected orientation e r r o r  due to  the Earth albedo (a = 0.50). 
Tables IlI, IV, and V present the orientation e r r o r  due to the Venus, Mars, and Moon 
albedos, respectively. The low densities of the Mars and Moon atmospheres allow rela- 
tively low orbital altitudes; therefore, the minimum altitude was reduced from 100 kilo- 
meters to 50 kilometers in the computer programs for Mars and the Moon. In each table 
the orientation e r r o r s  (even if zero) a r e  indicated until the planetocentric angle is greater 
than 2L + Om - that is, until the solar sensors s e e  a totally dark planetary body. In 2 
order to remain commensurate with the accuracy of the analytic expressions, the com- 
puter was instructed to  satisfy equation (11) only to  the nearest 0.lo; therefore, the tabu- 
lated computer results have been rounded off to  a single decimal. 

The solar orientation e r r o r s  calculated herein a r e  the vector sum of the pitch and 
yaw er rors .  In this investigation the roll attitude of the spacecraft was fixed so that the 
e r r o r s  would lie in the pitch plane exclusively (see "Assumptions" section). 
pitch plane does not coincide with the YZ-plane (see fig. 2), the individual pitch and yaw 

When the 

1.a 

0.5 

L 

L L 0) 

c 0 

m 
._ 
.a 

c 
5 . o  ._ 
L 

L m 

0 "7 

- 
- %  .- - 

m 
D 
- 

-0.5 

I I -1.0 

Planetocentric angle. t. deg 

I 
135 

Figure 9.- Typical variation of solar orientation error with planetocentric angle. 
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e r r o r s  can be determined by resolving the tabulated resultant e r r o r  into pitch and yaw 
components. 

The shape of the general relation between the solar orientation e r r o r  E and the 
planetocentric angle rc/ is illustrated in figure 9. Symmetry about the ordinate results 
from the assumption of a constant albedo. Selected data from tables I to  V are presented 
graphically in figures 10 to 14. 
planetocentric angles of 300 and 45". The tapering off of the curves beyond rc/ = 90° 
occurs as the Sun approaches the planet horizon and is caused, primarily, by the gradual 
decrease in the angular size of the illuminated limb of the planetary body. 

In figure 15 the maximum orientation e r r o r  for a given altitude emax is plotted 
Curves a r e  shown for the various planetary bodies under con- 

The maximum orientation e r r o r  occurs between the 

c 

$ 

as a function of altitude. 
sideration. As expected (from inspection of the analytic expressions), the solar orienta- 
tion e r ro r  increases with increasing albedo and decreases with increasing altitude. 
the radius of Venus is approximately equal to the radius of Earth, the solar orientation 
e r r o r  caused by the Venus albedo is representative of the e r ro r  that would result from an 
Earth albedo of 0.76. An Earth albedo of approximately 0.76 is appropriate for a worst- 
case analysis. 

Since 

The data generated in this paper can be used to  specify the solar pointing e r ro r  at 
which control of the spacecraft should be switched from the coarse solar sensors to the 
fine solar sensors. For example, consider a spacecraft in an Earth orbit with a perigee 
of 500 kilometers. Capture of the solar target, f rom a large initial pointing e r ro r ,  can be 
attained only if the coarse-sensor to fine-sensor switching angle is greater than the maxi- 
mum solar orientation e r ror .  
occurs when perigee coincides with a geocentric angle of 360; the value of the e r r o r  is 
16.4O. Therefore, for a spacecraft in an Earth orbit with a perigee of 500 kilometers, the 
coarse-sensor to fine-sensor switching angle must be greater than 16.4O. The actual 
switching angle would be equal to 16.4O plus an appropriate safety factor. The magnitude 
of the safety factor depends on how well the actual coarse-sensor output characteristic 
matches the assumed sinusoidal coarse-sensor output characteristic (fig. 1) and should 
be as small  as possible to  avoid unnecessary increases in the fine-sensor field of view. 

As shown in figure 11, the maximum orientation e r ro r  

'I ,a 

The data generated in this paper a r e  also applicable to spacecraft which are equipped 
1 

with only one set  of solar sensors - that is, coarse sensors only. Assume that a single 
set  of coarse solar sensors a r e  used to  orient a spacecraft toward the Sun. 
assume that the spacecraft is equipped with various instruments and experiments which 
depend on the solar reference for correct data interpretation. If the orbital elements of 
the spacecraft and the celestial position of the Sun a r e  known, the planetocentric angle can 
be calculated and the appropriate table used to determine the orientation of the onboard 
instruments and experiments relative to the solar reference. 

Further 
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Figure 10.- Solar orientation error due to Earth albedo, a = 0.35. 
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Figure 11.- Solar orientation error due to Earth albedo, a = 0.50. 
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Figure 12.- Solar orientation error due to Venus albedo, a = 0.76. 
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Figure 13.- Solar orientation error due to Mars albedo, a = 0.16. 
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Figure 14.- Solar orientation error due to Moon albedo, a = 0.07. 
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COMMENTS ON ACCURACY 

e The departure of planetary bodies from diffuse reflectors is considered in refer-  
ence 10. 
than that of a Lambert sphere, with the result that the solar orientation e r r o r s  calculated 
herein a r e  larger than the actual e r rors .  However, it should be noted that, although 
specular reflection is not directly considered in this analysis, the albedo magnitudes 
indirectly compensate for the departure from diffuse reflection. (The Earth albedo of 
0.70, measured by Tiros VII, was apparently due to specular reflection from polar caps 
and large bodies of water.) A primary source of inaccuracy is the inability to precisely 
specify the planetary albedos. When albedo magnitudes a r e  known more accurately, the 
data generated herein can be updated by direct substitution of the albedo magnitudes into 
the existing analytical expressions. 
and season (when such information is available) will require a major change in the ana- 
lytical expressions and will most probably result in a significant increase in complexity. 
The assumption of cylindrical planetary shadows introduces negligible e r ro r  relative to 
the accuracy of the calculations - that is, for all cases considered, the solar orientation 
error decreases to less than 0.lo before the penumbra is encountered. 
assumption of spherical planetary bodies introduces negligible inaccuracy. 

For planetocentric angles less  than 90° the actual reflected radiance is less  

Consideration of the variation of albedo with latitude 

Similarly, the 

When investigating a specific application, more accurate results can be obtained 
by replacing the assumed sinusoidal coarse-sensor output characteristic with a mathe- 
matical model of the actual coarse-sensor output characteristic. 
in complexity depends on how accurately the sensor characteristic is described. 

The resulting increase 

CONCLUDING REMARKS 

The herein derived equation for the solar orientation e r r o r  caused by planetary 
albedo is an exact expression (even though it has not been solved explicitly) only for the 
geometric aspects of the problem. 
reflectors and the uncertainty of specified planetary albedos a r e  primary sources of 
inaccuracy. The assumption of spherical planetary bodies with cylindrical shadows 
introduces negligible inaccuracy. 
affect accuracy. 

The departure of planetary bodies from diffuse 

The restriction of the pitch-plane orientation does not 

The assumption of a sinusoidal solar sensor output characteristic permits a straight- 
forward computer solution to the analytical expressions. The relatively large albedos of 
Venus and Earth produce relatively large solar orientation e r r o r s  whereas the relatively 
small  albedos of Mars and the Moon produce relatively small solar orientation e r rors .  
The maximum solar orientation e r r o r  at an altitude of 200 kilometers is 32.9O for Venus 
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(albedo of 0.76), 18.30 for  Earth (albedo of 0.50), 4.4O for M a r s  (albedo of 0.16), and 1.7O 
for the Moon (albedo of 0.07). The maximum orientation e r r o r s  occur between planeto- 
centric angles of 30° and 45'. The solar orientation e r r o r  decreases with increasing 
altitude. 

The calculated solar orientation e r r o r s  a r e  presented as functions of altitude and 
planetocentric angle. These data permit the selection of an appropriate coarse-sensor 
to  fine-sensor switching angle for solar orientation control systems and facilitate the 
interpretation of solar -referenced instrument and experiment data. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., March 1, 1967, 
125-19-03-09-23. 
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N 
N 

*Earth' 
deg 

5 
10 

TABLE 1,- SOLAR ORIENTATION ERROR DUE TO EARTH ALBEDO OF 0.35 

E ,  deg, at altitude of - 
100 km 200 km( 300 km 400 km 500 km 600 km 700 km 800 km 900 km 1000 km 1500 km 2000 km 2500 km 3000 km 4000 km 5000 km 7000 km 10000 km 15000 km 20000 km 25000 km 35000 km 

0 0 0 0 0 0 0 0  0 0  , 0 0 0 0 0 0 0 0 0 0 0  0 0 
2.6 2.5 2.4 2.3 2.2 2.1 2 . 1 , Z . O  1.9 1.8 1.5 1.3 1.1 1.0 .8 .6 .4 .3 .1 .1 .1 0 
5.0 4.9 ~ 4.7 4.5 4.3 4.2 4.0 3.9 , 3.7 , 3.6 3.0 2.6 2.2 1.9 1.5 1.2 .8 1 .5 .3 .2 .1 .1 

15 7.2 7.0 6.7 6.5 6.2 6.0 5.8 5.6 5.4 5.2 4.4 3.7 3.2 2.8 2.2 1 . 7 ,  1.2 



TABLE lI.- SOLAR ORIENTATION ERROR DUE TO EARTH ALBEDO OF 0.50 

_____ 

6, deg, at altitude of - -~ -------- *Earth' 
deg 100 km 200 km 300 km 400 km 500 km 600 km 700 km 800 km 900 km 1000 km 1500 km 2000 km 2500 km 3000 km 4000 km 5000 km 7000 km 10000 km 15000 km 20000 km 25000 km 35000 km 

0 0 0  
5 4.7 4.5 
10 9.0 8.6 
15 12.7 12.1 
20 15.5 14.9 
25 17.4 16.8 
30 18.5 17.9 
35 18.9 18.3 
40 18.7 18.1 
45 18.0 17.4 
50 16.8 16.3 
55 15.3 14.9 
60 13.6 13.2 
65 11.6 11.3 
70 9.5 9.3 
15 1.2 1.0 
80 4.9 4.7 
85 2.4 2.4 
90 .2 .3 
95 0 0 
100 0 0 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 

I 160 

0 
4.3 
8.2 
11.6 
14.2 
16.1 
17.2 
17.7 
17.5 
16.9 
15.9 
14.5 
12.9 
11.0 
9.0 
6.9 
4.6 
2.4 
.5 
.I 
0 
0 

0 0 0 0 0 0 0  
4.1 3.9 3.7 3.5 3.4 3.2 3.1 
7.9 7.5 7.2 6.8 6.5 6.3 6.0 
11.1 10.6 10.1 9.7 9.3 8.9 8.5 
13.6 13.1 12.5 12.0 11.5 11.1 10.6 
15.5 14.8 14.3 13.7 13.2 12.7 12.2 
16.6 15.9 15.3 14.8 14.2 13.7 13.2 
17.0 16.4 15.8 15.3 14.1 14.2 13.7 
16.9 16.3 15.8 15.3 14.8 14.3 13.8 
16.3 15.8 15.3 14.8 14.3 13.9 13.4 
15.4 14.9 14.4 14.0 13.6 13.2 12.7 
14.1 13.6 13.2 12.8 12.5 12.1 11.7 
12.5 12.1 11.8 11.4 11.1 10.8 10.5 
10.7 10.4 10.1 9.8 9.5 9.3 9.0 
8.8 8.5 , 8.3 8.0 7.8 7.6 7.4 
6.7 6.5 6.3 6.2 6.0 5.8 5.7 
4.5 4.4 4.3 4.2 4.1 4.0 3.9 
2.3 2.3 2.3 2.3 2.3 2.3 2.3 

.6 .I .8 .8 .9 .9 .9 
'1 .1 .2 .3 .3 .4 .4 
0 0  .1 .1 .1 .1 .2  
0 0 0 0 0 0 0  

0 0 0 0 0 0  
0 0 0 0  

0 

0 
2.5 
4.9 
7.0 
8.8 
10.1 
11.1 
11.6 
11.7 
11.5 
11.0 
10.1 
9.1 
7.9 
6.5 
5.0 
3.5 
2.2 
1.2 
.6 
.3 
.1 
0 
0 
0 
0 

i 165 
1 IO 

0 0  
2.1 1.8 
4.1 3.4 
5.9 5.0 
7.4 6.3 
8.6 7.3 
9.4 8.1 
9.9 8.5 
10.1 8.7 
9.9 8.6 
9.5 8.3 
8.8 7.7 
7.9 7.0 
6.9 6.1 
5.7 5.1 
4.5 4.0 
3.2 3.0 
2.1 2.0 
1.3 1.3 

. 7  .8 

.4 .5 

.2 .2 

.1 .1 
0 .1 
0 0  
0 0  
0 0  

I 

0 
1.5 
3.0 
4.3 
5.4 
6.3 
7.0 
7.4 
7.6 
7.6 
7.3 
6.8 
6.2 
5.4 
4.5 
3.6 
2.7 
1.8 
1.3 
.8 
.5 
.3 
.2 
.1 
0 
0 
0 
0 

I 

0 
1.1 
2.2 
3.3 
4.1 
4.9 
5.4 
5.8 
5.9 
5.9 
5.7 
5.4 
4.9 
4.3 
3.7 
3.0 
2.3 
1.7 
1.2 

.8 
6 
3 

. 2  

.1 
1 

0 
0 
0 
0 

0 0  
.9 .6 
1.8 1.2 
2.6 1.7 
3.3 2.2 
3.9 2.6 
4.3 2.9 
4.6 3.1 
4.8 3.2 
4.8 3.3 
4.6 3.2 
4.4 3.0 
4.0 2.8 
3.6 2.5 
3.1 2.2 
2.5 1.9 
2.0 1.5 
1.5 1.2 
1.1 .9 

.a . 7  

.6 .5 

.4 .4 

.2 .2 

.1 .2 

.1 .I 
0 0  
0 0  
0 0  
0 0  
0 0  

0 

0 0 
.4 .2 
.I .4 
1.1 .6 
1.3 .I 
1.6 .9 
1.8 1.0 
1.9 1.1 
2.0 1.1 
2.1 1.1 
2.0 1.1 
1.9 1.1 
1.8 1.0 
1.6 .9 
1.5 .8 
1.3 .I 
1.0 6 
.8 .5 
.I .4 
.5 .4 
.4 . 3  
.3 .2 
.2 .2 
.1 .1 
.1 1 
1 .1 

0 0 
0 0 
0 0 
0 0 
0 0 

0 
.1 
.2 
.4 
.5 
.5 
.6 
. 7  
. 7  
. 7  
.I 
.I 
.I 
.6 
.6 
.5 
.4 
4 

. 3  

.2 

.2 

.2 

.1 

.1 

.1 
0 
0 
0 
0 
0 
0 
0 

0 0 
.1 0 
.2 .1 
.2 .1 
.3 .2 
.4 .2 
4 .2 
.5 .3 
.5 .3 
.5 .3 
.5 .3 
.5 .3 
.5 .3 
.4 .2 
4 .2 
.3 .2 
.3 .2 
.3 .2 
.2 1 
.2 .1 
.1 .1 
.1 .1 
.1 .1 
.1 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

: l $ i  



TABLE m.- SOLAR ORIENTATION ERROR DUE TO VENUS ALBEDO OF 0.76 

_____ _____ ~ 

E ,  deg, at altitude of - %e"",, 
deg 100 km 200 km1300 km 400 km 500 km 600 km 700 km 800 km 900 km 1000 k m  1500 km 2000 km 2500 km 3000 km 4000 km 5000 km 7000 km 10000 km 15000 km 20000 km 25000 km 35000 km 

0 0  0 0 0 0 0 0 0  0 0 0 0 0 0 0  0 0 0 0 0 0 0 

10 20.0 18.5 17.1 15.9 14.8 13.8 12.9 12.1 11.4 10.8 8.3 6.6 5.4 4.5 3.3 2.5 1.6 1.0 .5 .3 .2 .1 
15 26.9 24.9 23.2 21.6 20.2 18.9 17.8 16.7 15.8 15.0 11.6 9.3 7.7 6.5 4.8 3.7 2.4 1.5 .8 .5 .3 .2 

5 11.3 10.4 9.6 8.8 8.2 7.6 7.1 6.6 , 6.2 5.9 4.5 3.5 2.9 2.4 1.7 1.3 .9 .5 .3 .2 .I .1 

' i: 
30 
35 
40 
45 
50 
55 

31.5 29.5 27.6 25.9 24.3 22.9 21.6 20.5 19.4 18.4 14.5 11.8 9.8 8.3 6.2 4.8 .6 .4 .2 

.9 .6 .4 
.7 .4 

33.9 32.0 30.3 24.4 23.2 22.1 21.0 16.8 13.8 1 11.6 9.9 7.5 5.9 

33.9 32.5 31.1 29.8 28.6 27.5 26.4 25.3 24.3 23.4 19.4 16.2 13.7 11.8 8.9 7.0 4.6 2.8 1.5 
32.4 31.2 30.0 28.9 27.9 1 26.8 25.7 24.8 23.8 22.9 19.1 16.1 13.8 11.9 9.1 7.2 4.8 3.0 1.6 1.0 
30.2 29.2 28.2 27.2 26.2 25.2 24.3 23.4 22.6 21.8 18.3 15.6 13.4 11.6 9.0 7.1 4.8 3.0 1.6 1.0 .7 .4 
27.6 26.8 25.8 24.9 24.0 23.2 22.4 21.6 20.9 20.2 17.2 14.7 12.7 11.1 8.6 6.9 4.7 2.9 1.6 1.0 .7 .4 
24.7 23.9 23.1 22.3 21.6 20.8 20.2 19.5 18.9 18.3 15.6 13.5 11.7 10.3 8.1 6.5 4.4 2.8 1.5 1.0 .7 .4 

.5 I .3 
.9 1 .6 .3 34.6 32.9 31.3 ii:: 1 i::: ~ i7":: 1 25.9 24.8 23.7 22.7 1 18.5 1 15.4 13.0 11.2 8.5 6.6 

60 21.5 20.8 20.1 19.5 18.9 18.3 17.7 17.1 16.6 16.1 13.8 12.0 10.5 9.2 7.3 5.9 4.1 2.6 1.5 .9 .6 4 



TABLE IV.- SOLAR ORIENTATION ERROR 

DUE TO MARS ALBEDO OF 0.16 

85 .8 .8 .I .7 .I .I 
90 .1 .2 .3 .3 .4 .4 
95 0 0 .1 .1 .2 .2 

100 0 0  .1 .1 .1 
105 0 0 0 0  .1 
110 0 0 0 0  
115 0 0 0  0 
120 0 0 0  
125 0 0  
130 
135 
140 
145 1 150 ~ I I 

TABLE V.- SOLAR ORIENTATION ERROR 

DUE TO MOON ALBEDO OF 0.01 

.6 .6 .5 .4 .4 .3 .2 .1 

.4 .4 .4 .3 .3 .2 .2 .1 

.3 .3 .3 .2 .2 .2 .1 .1 

.2 .2 .2 .2 .2 .1 .1 .1 

.1 .1 .1 .1 .1 .1 .1 .1 
0 .1 .1 .1 .1 .1 .1 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0  0 

0 0 0 0 0 0 
0 0 0 0 0 0 

0 0 0 0 0 0 0 0 
0 0 0 0 0 

0 0 

0 0  
0 0  

0 0  
0 0  O N  

0 I O  l o  o i  

N 
I 

115 0 0 0  
0 0  120 

125 0 0  
130 0 
135 0 

0 
0 
0 
0 
0 

E ,  deg, at altitude of - 
50 km 200 km 500 km 1000 km 2000 km 

*Moon' -____-___ 
deg 

155 
160 
165 

0 
0 0 

0 

0 0  
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